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T HE EXISTENCE OF back pain during pregnancy has been known since ancient times. There is a general impression that it has increased during the last decade; studies from Sweden and Great Britain have reported a prevalence of back pain during pregnancy of approximately 50% 1,2 to 75%. 3 Ö stgaard et al, 2 for instance, found a 9-month-period prevalence of 49% in 855 pregnant women studied from the 12th week of pregnancy until childbirth. Because 22% of the women had back pain at the 12th week, the 6-month incidence was 27%. For 36% of the cases, back pain was a severe problem, compromising normal, everyday life. In a follow-up study, 4 on average 18 months after delivery, 30% of the women who completed the follow-up questionnaire stated that they still had some back pain and 7% reported having severe pain. Despite the high prevalence, the concept of back pain during and after pregnancy is not well defined, 5, 6 and the exact origin is often unknown.
Although a large number of epidemiologic studies into pregnancy-related back pain have been conducted during the last decade, few studies have addressed the question of how back pain after pregnancy affects the performance of daily activities, especially those that involve the back. However, we do know that chronic low back pain (LBP) patients in general show deficits in reaction time, coordination, and postural control. 7, 8 Also, reduced trunk muscle force and endurance have been reported. [9] [10] [11] Thus, it can be expected that the performance of physically demanding tasks involving the back is affected in women who have back pain after pregnancy. In the present study, we investigated the performance of a bimanual, wholebody lifting task in women with and women without LBP after a pregnancy. By LBP after pregnancy we refer to pain in the area of the lumbar spine and/or pelvic girdle that arose during pregnancy and was still present at the time of our study (on average, 5mo after childbirth). We chose to study a bimanual whole-body lifting task because it is a physically demanding task involving the back, because it is performed on a daily basis by women with small children and because bending forward was reported to be painful by many women with pelvic pain after pregnancy. 12 Our aims were to identify and quantify differences in the coordination of bimanual load lifting performed by women with and without LBP after pregnancy. We anticipated that the kinematics of this task would provide insight into the relationship between LBP and any impaired task performance. We analyzed joint angles, spatial angles of trunk and pelvis, and the pelvic tilt in the body. We also quantified the interjoint coordination by calculating the phase angle relationships between various joints. 13 This method appropriately takes into account that the bimanual, whole-body lifting task is a complex multijoint movement. 14 Previous studies 13, 14 on men have shown a consistent distal-to-proximal sequence of joint rotations during the phase of lifting the object, that is, the ankle joint was the first joint to begin extension followed by successive extension of the knee, hip, and lumbosacral joints. This sequence proved to be fairly fixed, but the timing depended on task factors, such as object mass, 15, 16 and personal characteristics, such as fatigue. 17, 18 In women, a distal-to-proximal sequence of joint extension was also found for the knee and hip joints. 19 In the present study, we tested 3 hypotheses: (1) women with LBP would perform the upward lifting motion more slowly than the controls because trunk extension velocity is usually lower in patients with back pain 20, 21 ; (2) back pain-associated differences in the timing of the distal-to-proximal sequence of joint rotations during the phase of lifting would appear, analogous to the changes in timing, that are associated with changes in object mass and fatigue of the subject lifting [15] [16] [17] [18] ; and (3) women with back pain would stabilize the pelvis in the body and limit flexion in the lumbar spine because strain on injured passive structures is known to induce pain. 22, 23 This hypothesis is in accordance with the results of Larivière et al. 24 
METHODS

Participants
Nine clinically healthy women (NBP group) and 7 women with back pain (BP group) participated on a voluntary basis. All subjects were recruited from an ordinary postpregnancy exercise class, although not necessarily the same class. Because the purpose of the exercise class was to get fit again after a pregnancy, the program was adjusted to the physical condition and fitness level of women who recently underwent a pregnancy. The program did not incorporate any information about safe lifting techniques nor was it specifically aimed at back pain. The subjects first received verbal information about the study from the exercise instructor who was not involved in the study. Women who volunteered to participate then received detailed written information from one of the experimenters. All volunteers chose to participate. The inclusion criteria were (1) a delivery within 1 year before study (2) ongoing back and/or pelvic pain or (3) no ongoing back and/or pelvic pain. No exclusion criteria were applied, implying that subjects who had back pain before their last pregnancy were included. Subjects were assigned to 1 of the 2 groups (NBP, BP) by an author (LBN-W, a physical therapist) based on pain drawings and a medical history questionnaire. No physical examination was conducted. Subjects with a positive pain drawing in the low back and/or pelvic region were assigned to the BP group. BP and NBP subjects were not matched. One experimenter was aware of the type of subject (BP or NBP) entering the laboratory but the others were not. Because all experimental and analytic procedures were standardized and mostly automatic, the nonblinded experimenter seemed unable to influence the final data of individual subjects.
Characteristics of both groups are summarized in table 1, whereas specific features of the back pain group are in table 2. The BP subjects were examined on average 5.7 months after delivery. Their median assessment of pain was 27mm on a visual analog scale (VAS; 0mm: no pain; 100mm: worst imaginable pain). Back pain onset for 2 subjects was between gestation weeks 1 and 12; for 3 subjects it was between weeks 12 and 24; for 1 subject between weeks 25 and 40; and for 1 other subject at delivery. Six of 7 subjects had also experienced episodes of back pain before their last pregnancy. In the BP group, the median value of the Disability Rating Index (DRI) over all 12 items was 29mm on a VAS (0mm: without difficulty; 100mm: not capable at all). 25 The task of lifting heavy objects received the highest rating; the median value was 58mm. The NBP subjects were examined on average 5.9 months after delivery. None reported pain at the time of the experiment, although 1 subject had experienced back pain during her last pregnancy, starting between gestation weeks 25 and 40. No subject reported a history of back pain before her last pregnancy. The median values of both the total DRI and the ability to lift a heavy object were 0mm. The local ethics committee approved the study. All subjects received written information and gave their informed consent.
General Procedure and Experimental Protocol
The lifting task consisted of lifting a box (360ϫ360ϫ 250mm) weighing 8.3kg with both hands. The subjects stood upright in bare feet with each foot on a force platform. The experimental setup is shown in figure 1 , including the location of 14 reflecting markers. The subject was cued by an auditory signal to bend down and grip the 2 handles mounted on each side of the box (210mm above the bottom) and to lift the box to chest height. The task ended when the subjects stood in the upright position holding the box. Thereafter, the experimenter placed the box back on the floor. Each trial had a recording time of 5 seconds, and the movement was repeated 7 times. Before the experiments, each subject was able to practice the lifting task as many times as she wanted. No specific instructions were given regarding lifting technique and speed, and no restrictions were imposed on the initial position. Foot placement was prescribed by the size and position of both forceplates; the 2 plates (width, 203mm; length, 457mm) were positioned parallel, and the mediolateral distance between both long sides of the plates was 40mm. Problems with occlusion of the markers at the hip and on anterior superior iliac spine (ASIS) by the arm made it necessary to ask the subjects to keep the arms crossed in front of the body during initial standing. To facilitate the attachment of markers directly on the skin, the subjects wore a brassiere and briefs only.
Apparatus, Data Acquisition, and Data Processing
A 2-camera opto-electronic system a recorded the positions of 14 passive light-reflecting markers. 26 Signals were digitized with an analog-to-digital converter at a frequency of 100Hz. Sampling time started 500ms before the auditory signal that cued the subject to initiate the task. The digitized data were stored for further processing. Under the prevailing experimental conditions, the explored field was 2ϫ2m and the accuracy 0.8mm. Thirteen hemispherical markers (diameter, 20mm) were attached to anatomic landmarks on the left side of the body, except for 3 markers that were put on the spinal column. The markers were attached at the following locations (see fig  1) : (1) the mandibular joint, as close to the ear as possible; (2) the cheek close to the corner of the mouth; (3) the spinous process of the seventh cervical vertebra; (4) the spinous process of the 12th thoracic vertebra; (5) the spinous process of the fifth lumbar vertebra; (6) the ASIS; (7) the top of the greater trochanter; (8) just below the top of the lateral femoral condyle; (9) the top of the lateral malleolus; (10) the lateral side of the calcaneus; (11) the fifth metatarsophalangeal joint; (12) the acromion; and (13) the lateral epicondyle of the humerus. An additional marker (14) was placed on the box. The 3 markers on the spinal column were spherical and glued to the top of a plastic cone (35mm long) to ensure detection by the cameras. The 13 body markers defined the position of 11 body links (see fig 1) . Links relevant for the present analyses were trunk (3-5), pelvis (6 -7), L5-ASIS (5-6), upper legs (7-8), lower legs (8 -9) , and feet (10 -11) . Angles of the ankle, knee, hip, and sacral joints were calculated from the angle between 2 intersecting links: the ankle joint angle between links 8 -9 and 10 -11, the knee joint angle between 7-8 and 8 -9, the hip joint angle between 6 -7 and 7-8, and the lumbosacral joint angle between 3-4 and 5-6. Note that both the ankle and lumbosa-cral joint are not actual joints but junctions defined between the projection of 1 link onto another link. In all cases, extension was defined as an increase in angle. Spatial angles of pelvis and trunk were calculated relative to the horizontal axis of the ELITE coordinate system. a Backward rotation of a segment in space was defined as an increase in angle. Pelvic tilt in the body was defined as the pelvic angle calculated relative to an axis perpendicular to the cephalocaudal trunk axis. A backward pelvic tilt in the body, coinciding with lumbar spine flexion, was defined as an increase in angle. Angles were low-pass filtered with a digital filter (zero phase lag, 3Hz, second-order Butterworth filter) and angular velocities were obtained by numeric differentiation (Lanczos 5-point differentiation filter) of the angle time series.
Electromyograms and ground reaction forces were recorded but not analyzed in the present article.
Relative Phase Angle Analysis
Phase angles were calculated according to Kelso et al. 27 Joint angles and angular velocities were normalized such that the maximum value of each angle and angular velocity in a trial was set to 1 and the minimum value to Ϫ1. Subsequently, a phase plot was constructed, with the angle on the ordinate plotted against angular velocity on the abscissa. The phase angle is the angle between the vector from the origin to a point on the phase plot and the right-hand ordinate. The relative timing of joint rotations was quantified for each trial by means of the relative phase of (adjacent) joints, ie, the phase differences between rotations in the ankle and knee joint, knee and hip joint, hip and lumbosacral joint, 13, 14 and ankle and lumbosacral joint. In all cases, the phase angle of the distal joint was subtracted from the phase angle of the proximal joint.
Definition of Task Phases
The lifting task was divided into 2 phases: the downward phase and the upward phase. The onset of the downward phase was defined 100ms before the first sample at which the angular velocity of the knee joint clearly deviated from zero in a negative (flexing) direction. The end of the upward phase was defined 100ms after the first sample at which the angular velocity of the knee joint returned to zero from positive (extending) values. Both samples were manually marked in the angular velocity time series by means of interactive data analysis software. b The end of the downward phase and onset of the upward phase was set at box lift-off. This instant was determined from the onset of the vertical displacement of the box marker.
Data Analysis and Statistics
For each subject, the kinematic data of the first 5 trials without missing markers were further analyzed. For 1 NBP subject and 1 BP subject, we only had 3 suitable trials at our disposal because missing markers prevented us from obtaining all relevant angles. (We did not use a specific trial if we did not have the full set of angles.) To enable averaging of selected parameters within subjects and within groups, the time series of these parameters were normalized by means of cubic spline interpolation, setting the length of a downward and successive upward phase to 100% (onset down at 0%, end up at 100%). To identify and quantify differences between both groups, time series of the defined angles, angular velocities, and relative phase angles were first averaged within each subject (5 or 3 trials) and then averaged within each group (9 NBP subjects, 7 BP subjects). The same procedure was applied to determine mean values for total movement time, duration of downward phase, duration of upward phase, relative instant of box lift-off, baseline angle, lift-off angle, range of motion (ROM), angular velocity at lift-off, peak angular velocity in the down-and upward phases, and mean and peak relative phase angle in the down-and upward phases. The relative instant of box lift-off (% movement time in milliseconds) was calculated as ([box lift-off Ϫonset of downward phase]/[total movement time]) ϫ 100%. The baseline angle was defined as the mean angle during the first 200ms of recording before the auditory cue and movement onset. Lift-off angle and angular velocity are the values at the instant of box lift-off. The angular ROM was defined as the difference between the baseline angle and the absolute peak angle reached at any instant between the onset of the downward and end of the upward phases. Peak angular velocity in the down-and upward phases was taken as the absolute peak velocity reached at any instant in each of the 2 phases. The mean relative phase angle in a phase and the peak relative phase angle in a phase were calculated separately for the down-and upward phases. Because in some cases both positive and negative peaks occurred in 1 phase, the sign of the mean relative phase angle for that particular joint pair in that phase determined whether the positive or negative peak relative phase angle was considered to be the peak.
Each variable was subjected to a 1-sample KolmogorovSmirnov test to compare the observed cumulative distribution function with a theoretic normal distribution. In no case was the assumption of a normal distribution rejected. Thus, we applied independent samples t tests for equality of means to determine whether variables differed between BP and NBP. We only performed a test for variables that showed a sufficiently large difference between the group means (rule of thumb: difference of group means Ͼ smallest standard deviation [SD]). Each t test was accompanied by the Levene test for equality of variances, and the outcome of this test determined which of the 2 t test output options was presented: the equal variances assumed output (with 14 df) or the equal variances not assumed output (Ͻ14 df). We report the 1-tailed significance in the test output of hypothesis 1 (duration of upward phase BPϾNBP) and hypothesis 3 (lumbar spine flexion BPϽNBP) and the 2-tailed significance in all other cases. We applied conventional statistics to average the relative phase angles within subjects, within groups, and within each movement phase, and to test whether mean values differed between groups. This procedure is justified if the range of relative phase angle data is not large (ie, Ͻ90°), 13 as was the case in the present study. To identify a distal-to-proximal sequence during lifting, the percentage of negative relative phase angle values was scored for each individual trial according to McGorry and Hsiang. 28 We decided that at least 66% of the values in the upward phase had to be negative to indicate a distal-to-proximal sequence. All statistical analyses were performed using SPSS for Windows, c and in all tests differences between BP and NBP were considered significant at P less than .05.
RESULTS
Despite the pain, the subjects with LBP successfully managed to perform the lifting task. Because all subjects were allowed to perform the task with a self-chosen technique and speed, differences in kinematics and speed of motion were observed. For instance, 2 subjects, 1 in each group, lifted their heels from the floor at the end of the downward and beginning of the upward phase. After the experiment, the subjects with back pain did not report a provocation of or increase in pain nor did the subjects without back pain. The time needed to perform the task did not significantly differ between the subjects with back pain (BP) and those without (NBP) (t 14 ϭ.43, Pϭ.675; fig  2) . As hypothesized, the BP group performed the upward lifting motion more slowly than the NBP group: the duration of the upward phase was 1731Ϯ290ms for BP versus 1489Ϯ187ms for NBP (t 14 ϭ2.03, Pϭ.031). Also, the relative instant of box lift-off occurred significantly earlier for BP at 46%Ϯ4% versus 52%Ϯ3% of total movement time (t 14 ϭ Ϫ3.12, Pϭ.008). The duration of the downward phase did not differ between groups (t 14 ϭϪ1.16, Pϭ.267).
Joint Angles and Angular Velocities
Figures 3 and 4 present plots of the angular excursions and velocities, respectively, in the BP and NBP group during the downward and subsequent upward phases. Both groups showed clear flexion-extension excursions of ankle, knee, hip, and lumbosacral joint angles, although with different ROMs. Peak flexion occurred around box lift-off, and for some joints the peak amplitude appeared to differ between groups. Statistical analyses established that the hip joint was significantly less flexed at lift-off in the BP than in the NBP group (t 14 ϭ 2.78, Pϭ.015; table 3). Also, the hip joint showed less flexion at baseline in BP (t 14 ϭ2.16, Pϭ.048). The mean angular velocity time series also reflect the flexion-extension pattern in all joints (fig 4) . For both BP and NBP, the average velocity at lift-off was positive in all joints, indicating that the joints were extending at that instant (table 4). The peak velocity obtained in the downward and upward phases did not differ between the 2 groups. Note that the peak velocity values in table 4 are higher than the peak values deduced from the angular velocity time series in figure 4. This difference is because of different averaging procedures. Figure 4 presents a mean velocity time series with a peak (peak of mean) that does not necessarily coincide with the peaks of the underlying individual time series. Table 4 , on the other hand, shows the mean of individual peak velocity values (mean of peaks). With respect to the timing of peak velocities, we did find 1 difference between BP and NBP. The peak extension velocity of the knee joint occurred significantly earlier in BP than in NBP: 11.6%Ϯ2.7% versus 16.8%Ϯ6.0% movement time after box lift-off (t 11.6 ϭ Ϫ2.31, Pϭ.040). Figure 5 shows the relative phase angles between adjacent leg joints and between the ankle and lumbosacral joint. The expected distal-to-proximal sequence of joint rotations in the upward phase (Ͼ66% negative values) was identified in all joint pairs of both groups. To evaluate back pain-associated differences in the timing of this sequence (hypothesis 2), group differences in mean and peak relative phase angles were ex- amined (table 5) . None of the seeming differences in mean relative phase angle reached the defined significance level. In the peak relative phase angle, we found several significant differences. First, the maximal phase lag between knee joint extension and hip joint extension was larger in the BP group (t 14 ϭϪ3.63, Pϭ.003). Second, the peak phase lag between ankle joint flexion and lumbosacral joint flexion was oppositely directed in the downward phase (t 14 ϭϪ5.46, PϽ.001). For BP, the lumbosacral and ankle joints flexed in synchrony during the first third of the downward phase and after that flexion at the lumbosacral joint lagged behind flexion at the ankle joint. In the NBP group, the lumbosacral joint led the ankle joint in flexion in the first two thirds of the downward phase. In addition, the peak phase lag between both joints occurred significantly later in BP than in NBP: 28.7%Ϯ9.5% versus 17.8%Ϯ7.4% movement time (t 14 ϭ2.59, Pϭ.021). Figure 6 presents plots of the angular excursions and velocities for the rotation of the pelvis in space and its tilt in the body (ie, relative to the trunk) and for the rotation of the trunk in space. Note that lumbar spine flexion (ie, backward pelvic tilt) is defined as positive here (lower panels), whereas flexion of the lumbosacral joint was defined as negative in figures 3 and 4 (lower right panels). The hypothesized limited lumbar spine flexion in BP subjects was not confirmed by our results; the angular ROM of the pelvis in the body was not smaller for BP than for NBP (t 14 ϭϪ1.46, Pϭ.083; table 6). On the contrary, the amount of lumbar spine flexion at lift-off was larger for BP than for NBP; the backward tilt of the pelvis in the body was larger in the first group (t 14 ϭ2.39, Pϭ.031). Although present at first sight, no significant differences were identified in the peak angular velocity. Note again that the peak velocity values in table 6 (mean of peaks) are higher than the peak values deduced from the angular velocity time series in figure 6 (peak of mean). The spatial pelvic angular velocity showed 2 peaks in the NBP group but multiple peaks in the BP group. The angular velocity of the pelvis segment in the body showed an immediate transition from backward tilt (ie, lumbar spine flexion) to forward tilt (ie, lumbar spine extension) at box lift-off for BP. The NBP group, however, kept the pelvis in a backward tilted position for about 20% of normalized time, implying that the lumbar spine was flexed during that period (ϳ600ms).
Relative Phase Angles
Pelvis and Trunk Motion
DISCUSSION
The present study is, to our knowledge, among the first to describe differences in the coordination of lifting that are associated with pregnancy-related back pain. We have chosen, therefore, to focus on the group differences. This approach also enabled us to compare our present findings with earlier grouplevel data on back pain-related changes in the coordination of lifting or other trunk motions. 20, 21, 24 Although the large withingroup variability suggests that analyzing individual lifting strategies may add some insights into the relationship between pregnancy-related back pain and task performance, these analyses are beyond the scope of the present report.
In line with our first hypothesis, the BP group required more time for the upward phase than the NBP group. Several factors may have contributed to the slower lifting motion of those with pain. First, it might be the pain itself, assigned a score of 27mm on a VAS. Persons with pain tend to avoid painful motions. 29 Second, the BP group reported a markedly reduced ability to lift a heavy object before the actual experiments, whereas the NBP group reported a normal ability. Fear of movement and fear of (re-)injury have been found in chronic back pain patients. 30 In our experiment, this fear might have led to a conscious slowing down of the most demanding part of the task, ie, the lifting of the box. Third, back pain patients often show a reduced strength of the trunk extensor muscles 9, 31 and, consequently, a reduced trunk extension velocity. 20, 21 We did not measure trunk extensor strength in the present study. Our data suggest that the slower upward motion was not because of a slower trunk extension, because the extension velocity of the lumbosacral joint did not differ between groups. The slower upward motion can more likely be attributed to the lower extension speed of the ankle and knee joint in the decelerative part of the upward phase (see fig 4) . It is not clear why BP subjects chose to slow down this part of the upward motion rather than the accelerative part. From a mechanical point of view, it is even surprising that they did because low-back loading is highest in the first part of the upward phase when body and box have to be accelerated. 32 Concerning the expected back pain-associated differences in the timing of the distal-to-proximal sequence of joint rotations during the phase of lifting (hypothesis 2), we found a larger peak phase lag only between knee and hip extension. This finding implies that the knee extension of BP subjects led their hip extension to a larger extent than in NBP subjects, whereas both groups displayed the same distal-to-proximal sequence of joint rotations in the upward phase. The function of this difference, for instance with respect to the avoidance of pain or the reduction of stress, remains to be elucidated. In the phase of lowering the body toward the load, another interesting difference in joint coordination between BP and NBP was found. In the first part of this phase, the BP group seemed to put more accent on ankle flexion and less on flexion at the lumbosacral joint, the painful area, compared with the NBP group in which lumbosacral joint flexion prevailed. The function of this alternative strategy is not clear. Our data show that it did not result in a limitation of lumbar spine flexion (see fig 6) , an act that would have limited the strain on sensitive structures in that area and thus pain. 22 On the other hand, this strategy does facilitate forward trunk bending because active forward rotation of the whole body around the ankle joint brings the line of action of the force of gravity into a better position (ie, anterior to the line of action of the ground reaction force) to assist forward bending (as in gait initiation 33 ).
Contrary to our third hypothesis, we did not find limited lumbar spine flexion in the BP subjects. Surprisingly, lumbar spine flexion at lift-off was even larger in that group. Although Phases for the BP and NBP Group the BP subjects did not limit lumbar spine flexion, they did show an immediate transition from lumbar spine flexion to extension around lift-off, whereas the NBP group maintained the flexed lumbar spine for about 600ms (see lower panels of fig 6) . This immediate transition might indicate that BP subjects are unable to or prefer not to stabilize the spine in a submaximally flexed position. Picking up the load causes an increase in shear forces acting on the spine. Extension at this point will reduce these shear forces because of its effect on the muscle lines of action. 34 If spinal instability underlies LBP, as has been suggested by Panjabi 35 and others, 36,37 these shear forces may cause excessive intervertebral translations. 38 In addition, spine extension results in an increase in the moment arm of the extensor muscles with respect to the spine 39 and thus in a reduction of the compression forces on the lumbar spine. Hence, the fast transition to extension would be functional in BP subjects. We still do not know whether the lifting strategy shown by the BP group represents a compensatory strategy to avoid pain and/or loading of an injured spine or whether this deviating strategy is a cause of back pain in that group. Because this is a cross-sectional study, we cannot identify cause and effect. Only a prospective study examining women without back pain before, during, and after a pregnancy can ascertain cause and effect in this case. A few observations may shed a light on this question. Because all participants performed practice trials before the actual experiments, they were able to choose an optimal lifting strategy. Pain avoidance may have been a likely optimization criterion in the BP group. 29 This suggestion is supported by the fact that the BP subjects did not report a provocation of or increase in pain after the experiments. All subjects attended an ordinary postpregnancy exercise class and did not receive any information about good or safe lifting strategies. Finally, lifting technique (ie, stoop vs squat) does not affect low-back loading, 39 suggesting that different lifting strategies do not involve differential health risks.
We conclude with a few remarks about the limitations of the current investigation. First, we have only compared BP and NBP subjects on a group level. As the large SD indicates, task performance differed considerably between subjects within each group. Further studies should search for different subgroups within a larger BP group and try to relate different types of low back and pelvic pain to different aspects of impaired lifting performance. Furthermore, the significant differences on a group level do not necessarily imply that the kinematic analysis of a load-lifting task is suitable for individual diagnostics. For instance, the 99% confidence interval of the pelvic angle in the body at lift-off in NBP included the values of 6 of 7 BP subjects, making the parameter inapt to distinguish BP from NBP. Second, our choice to determine the onset of the downward and end of the upward phase from the time series of the knee angular velocity was arbitrary. This choice was motivated by the fact that the knee angular velocity showed a smooth bell-shaped curve with a clear deviation from zero both at the start and end of the motion, thus enabling unequivocal determination of motion onset and end. This was not possible in the time series of the angular velocity at the lumbosacral joint, which would have been a more valid indicator of the end of the lifting motion as it returned to zero after the defined end of the upward phase (see fig 4) . Finally, one realizes that applying a 2-dimensional sagittal plane model with a rigid trunk segment, as we did in the present study has 2 drawbacks. Such a model will not capture motions outside the sagittal plane and differences between BP and NBP in those motions. Also, back pain-related differences in the movement pattern at the level of a single or a number of spinal vertebrae will be missed by any method that treats the trunk as a stiff segment. Such differences between BP and NBP subjects are likely to occur, because many LBP patients reported having decreased passive stiffness and increased ROM during rotation and translation of vertebrae with respect to each other. 36, 40, 41 CONCLUSION Although all subjects successfully executed the moderate lifting task presented to them, we found that the kinematics were indeed different in the back pain group. Most important, around the instant of lift-off their pelvic movement pattern with respect to the trunk-and consequently the change in lumbar spine curvature-appeared to be affected. This occurrence might point to a functional adaptation to prevent loading of a flexed spinal column in the back pain patients or it might be a (potentially adverse) consequence of a limited ability to stabilize the lumbar spine curvature at the instant an external load is added.
The dissimilar execution of the lifting act points to 2 potential causes of the reduced lifting ability in the back pain group, ie, sprains of posterior tissues that are stretched in flexion or insufficient muscular or passive tissue capacity to stabilize the spine. Further research is needed to determine the exact relation between the altered kinematics and the underlying disorder. Given the large variance in the lifting kinematics of the back pain group, that investigation may require a larger study population that would permit subgroup analyses.
